ABSTRACT: Proper treatment of nonbonded interactions is essential for the accuracy of molecular dynamics (MD) simulations, especially in studies of lipid bilayers. The use of the CHARMM36 force field (C36 FF) in different MD simulation programs can result in disagreements with published simulations performed with CHARMM due to differences in the protocols used to treat the long-range and 1-4 nonbonded interactions. In this study, we systematically test the use of the C36 lipid FF in NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM. A wide range of Lennard-Jones (LJ) cutoff schemes and integrator algorithms were tested to find the optimal simulation protocol to best match bilayer properties of six lipids with varying acyl chain saturation and head groups. MD simulations of a 1,2-dipalmitoyl-sn-phosphatidylcholine (DPPC) bilayer were used to obtain the optimal protocol for each program. MD simulations with all programs were found to reasonably match the DPPC bilayer properties (surface area per lipid, chain order parameters, and area compressibility modulus) obtained using the standard protocol used in CHARMM as well as from experiments. The optimal simulation protocol was then applied to the other five lipid simulations and resulted in excellent agreement between results from most simulation programs as well as with experimental data. AMBER compared least favorably with the expected membrane properties, which appears to be due to its use of the hardtruncation in the LJ potential versus a force-based switching function used to smooth the LJ potential as it approaches the cutoff distance. The optimal simulation protocol for each program has been implemented in CHARMM-GUI. This protocol is expected to be applicable to the remainder of the additive C36 FF including the proteins, nucleic acids, carbohydrates, and small molecules.
■ INTRODUCTION
Research on lipid membranes and associated proteins has broad importance in understanding various biological processes such as lipid trafficking, antibiotic resistance, drug transport, cell signaling, and lipid raft formation. Molecular dynamics (MD) simulation has become an important technique to study such systems, as computational resources and empirical force fields have advanced to allow for meaningful simulations of lipid membranes to better understand their physical properties and functions. For example, MD simulations have been used to probe details of liquid-ordered and liquid-disordered phases and also the formation of liquid-ordered rafts. 1−3 There has also been a recent focus on developing accurate representations of cellular membranes based on the known diverse lipid compositions in cells and organelles. 4, 5 Specifically, MD simulations have been used to model the plasma membrane at a coarse-grained level 3, 6 to fully atomistic representations of inner and outer membranes of Gram-negative bacteria.
7−10 The transport and ligand binding mechanisms for primary and secondary active transporters and binding of peripheral membrane proteins to the bilayer surface have also been studied using MD simulation techniques. 11−15 Important to MD simulation is an accurate mathematical description of the relationship of conformation to energy in and between molecules, which is commonly referred to as an empirical force field (FF). For lipids, the all-atom additive CHARMM36 (C36) FF 16 was developed to accurately represent a wide range of experimental bilayer properties using the constant particle number, pressure, and temperature (NPT) ensemble. The C36 FF has been extended to a wide range of lipids, e.g., sphingolipids, 17 phosphoinositides, 18 cardiolipin, 19 bacterial lipids, 7, 8 ester-modified lipids, 20 those with polyunsaturated chains, 21 cholesterol, 22 and lipopolysaccharides. 9, 23 Recently, the AMBER community has developed their own all-atom lipid FF (Lipid14 24 and Slipids 25−27 ) that is of comparable accuracy to that of the C36 FF. One important caveat in these FFs and their usage is that they are developed using approaches that are consistent within the family of each FF, so that it is generally desirable to remain internally consistent (within the same FF family) when studying heterogeneous systems and avoid mixing the parameters of different FFs without careful testing. Moreover, methods used for truncation of the nonbonded interaction energy should be maintained as those used during optimization of the FF to accurately represent these FFs during application studies.
The form of the potential energy function used in most biomacromolecule-based FFs are highly similar and thus allows various FFs to be used in different MD simulation programs.
The C36 FF was developed by the CHARMM community initially in the context of the CHARMM program 28 with the treatment of the long-range nonbonded interactions as follows. The Lennard-Jones (LJ) 6-12 (i.e., van der Waals) interactions were smoothed over the range of 10 to 12 Å using the forcebased switching function, 29 the particle mesh Ewald (PME) method 30 was used for the long-range electrostatic interactions, and 1-4 nonbonded interactions (i.e., Coulombic and LJ interactions for atoms separated by three chemical bonds) are fully turned on (i.e., no scaling). The cutoff and 1-4 interaction scheme varies between the FFs and should be maintained when different simulation programs are used. This is particularly important with lipids, which have been shown to be particularly sensitive to the treatment of the truncation of the LJ interactions.
After the C36 FF was released, the NAMD program 31 added the forced-based switching function, so that results from C36 FF simulations in NAMD and CHARMM become consistent within the differences in the simulation integrators. The GROMACS program 32 has all the functionality needed to match with the C36 FF, and its single-core code is faster than CHARMM and NAMD, especially with mixed-point precision (which used to be called single-point precision). The AMBER program 33 is another popular MD code, but the latest version at the time of writing (version 14) lacks the shift and switch cutoff methods, and thus one can only use a hard truncation method for the LJ term. The force-based switching function has been implemented in the development version and should improve agreement with the other programs when the next version is released. OpenMM 34 has been recently developed as a toolkit for running MD simulation with graphical processing unit (GPU) accelerations. However, use of the force-based switching function is not straightforward, as the current nonbonded force calculation in OpenMM only supports the potential-based switching function.
The focus of this work is to prescribe the appropriate simulation protocols to run the C36 lipid FF (and the remainder of the C36 FF including the proteins, 35 nucleic acids, 36 carbohydrates, 37 and small organic molecules 38 ) in a wide range of available molecular simulation software packages. Since CHARMM, NAMD, GROMACS, AMBER, and OpenMM use different algorithms for their thermostat/barostat and nonbonded interaction cutoff options, a careful study on how these differences affect bilayer properties is needed. The 
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Article importance of this effort is emphasized by a recent study in which it was reported that use of the C36 lipid FF in the context of AMBER GPUs gave incorrect surface area per lipid for DPPC bilayers, which was due to the use of LJ truncation methods that were not consistent with the original parametrization. 39 In the present work, we systematically identify simulation protocols for each program to best agree with C36 lipid FF simulations in CHARMM and NAMD in terms of the following three metrics: the area per lipid (lateral density), the acyl chain order parameters (lipid packing), and the area compressibility (dynamic lipid fluctuation). The CHARMM-GUI Membrane Builder 19,40−42 now incorporates the option to generate the minimization, equilibration, and production inputs (with the optimal simulation parameters resulting from this study) for each program to allow for more general use of the C36 FF. In the following sections, we describe the setup of the CHARMM-GUI Input Generator and the optimized protocol for each program in detail. To illustrate that the optimized parameters are robust and well suited for each program, we provide the results of pure lipid bilayer simulations with various lipid types ( Figure 1 ).
■ METHODS
To determine a set of optimal simulation protocols for NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM simulations using the CHARMM C36 FF, a pure DPPC bilayer system was built and simulated with the various simulation parameters available in each program. In addition, 1,2-dioleoylsn-phosphatidylcholine (DOPC), 1-palmitoyl-2-oleoyl-sn-phosphatidylcholine (POPC), 1-palmitoyl-2-oleoyl-sn-phosphatidylethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-phosphatidylserine (POPS), and palmitoylsphingomyelin (PSM) bilayer simulations were performed to validate the optimized protocols derived from the DPPC simulations. The procedures of building the lipid bilayer systems and the tested simulation parameters for each program are provided in detail below.
System Setups. All pure lipid bilayer systems were built using the CHARMM-GUI Membrane Builder. 
where L X , L Y , and L Z are the system lengths along the xyz directions. Therefore, the whole system is translated by L X /2, L Y /2, and L Z /2 for the GROMACS, AMBER, and OpenMM input generation in CHARMM-GUI.
Simulation Details. All simulations used the C36 FF for lipids 16, 17 and the CHARMM TIP3P water model. 43−45 To get better sampling and check the convergence, five independent MD simulations were performed for each bilayer system using NAMD, GROMACS, AMBER, and OpenMM. The simulation temperature was maintained above the transition temperature of each bilayer: 300.0 (POPS), 303.15 (DOPC/POPC), 310.0 (POPE), and 323.15 K (DPPC/PSM). In addition, the pressure was maintained at 1 bar. PBC were employed for all simulations, and the particle mesh Ewald (PME) method 30 was used for long-range electrostatic interactions. The simulation time step was set to 2 fs in conjunction with the SHAKE algorithm 46 to constrain the covalent bonds involving hydrogen atoms for all programs except GROMACS in which the LINCS algorithm 47 was used. After the standard Membrane Builder minimization and equilibration steps, the production run of each simulation was performed for 250 ns. The optimal parameters were determined using the most recent version of each program (NAMD 2.9, GROMACS 5.0, AMBER14, and OpenMM 6.2), such that the use of previous versions can cause some problems. For example, the semi-isotropic pressure coupling method was not implemented until version 6.2 of OpenMM. The individual simulation protocols that we tested for each MD program are summarized in Table 1 and described in detail below.
NAMD. The NAMD simulations were performed as a reference to compare the lipid properties with those from other simulation programs. The force-based switching function was used for the LJ interactions, and three different switching ranges (8−10, 8−12, and 10−12 Å) were examined. A semiisotropic Nose−Hoover Langevin-piston method 48, 49 with a Gm-fsw-2 10−12
Gm-fsw-3 potential-based switch 8−10 Gm-sw-1 8−12
Gm-sw-2 10−12
Gm-sw-3 GROMACS Double precision force-based switch 8−10 Gd-fsw-1 8−12
Gd-fsw-2 10−12
Gd-fsw-3 potential-based switch 8−10 Gd-sw-1 8−12
Gd-sw-2 10−12
Gd-sw-3 AMBER truncated tau-p = 0.5 
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Article piston period of 50 fs and a piston decay of 25 fs as well as Langevin temperature coupling with a friction coefficient of 1 ps −1 were used to control the pressure and temperature, respectively. A Python 50 program was developed and used in CHARMM-GUI to convert the CHARMM parameter files to the NAMD-readable format, and it is freely available in the downloadable tarball ("download.tgz") generated by CHARMM-GUI.
GROMACS. The force-and potential-based switching functions for the LJ interactions were tested with three different switching ranges (8−10, 8−12, and 10−12 Å). To maintain the temperature, a Nose−Hoover temperature coupling method 51, 52 with a tau-t of 1 ps was used, and for pressure coupling, a semi-isotropic Parrinello−Rahman method 53, 54 with a tau-p of 5 ps and a compressibility of 4.5 × 10
bar −1 was used. Because direct reading of the CHARMM topology and parameter files is not available in GROMACS, a format conversion Python program was developed and used in CHARMM-GUI to generate the corresponding GROMACS topology and parameter files (top and itp) using the CHARMM topology and parameter files (prm, rtf, and str) as well as the psf file.
AMBER. Because AMBER does not support any switching or shifting method for LJ interactions, we examined the hardtruncation method with three different cutoff values (8, 10 , and 12 Å). The temperature was maintained using Langevin dynamics with a friction coefficient of 1 ps −1 . In addition, tau-p values of 0.5 and 1 ps for the semi-isotropic Berendsen pressure control 55 were tested. The AMBER-readable C36 FF was prepared using ParmEd v2.0 Beta1 software.
OpenMM. OpenMM provides a library for MD simulation with GPU acceleration, so it does not have an executable program to run MD simulations. We developed a set of Python scripts that enable one to run OpenMM simulations with simple and generalized input files, and all these scripts are provided by CHARMM-GUI. Although the standard nonbonded force calculation in OpenMM only supports the potential-based switching function, we provide an implementation of the force-based switching function using OpenMM's CustomNonbondedForce class in the scripts generated by CHARMM-GUI. The force-based switching method with the switching range of 10−12 Å for LJ interactions was used for all OpenMM simulations; other LJ interaction parameters for the DPPC bilayers were tested using CHARMM/OpenMM. Langevin dynamics was used for the temperature coupling, and friction coefficient values of 1 and 10 ps −1 were tested. A semi-isotropic Monte Carlo (MC) barostat method 56, 57 was used for the pressure coupling, and pressure coupling frequency values of 5, 10, 15, and 100 steps were examined. OpenMM is able to directly read the CHARMM topology and parameter files, so FF conversion was not necessary.
CHARMM/OpenMM. Because CHARMM/OpenMM uses the OpenMM library to calculate energies, the results between both programs should be identical. Therefore, the DPPC bilayer simulations to determine the LJ interaction parameters for both OpenMM and CHARMM/OpenMM were performed using CHARMM/OpenMM. The force-and potential-based switching methods were tested with switching ranges of 8−10, 8−12, and 10−12 Å. Langevin dynamics with the friction coefficient of 10 ps −1 and the semi-isotropic MC barostat with the pressure coupling frequency of 15 were used. CHARMM c39b1 with OpenMM 5.2 was used for the DPPC simulations. CHARMM/OpenMM simulations for other lipids were not performed because it is identical to OpenMM, and CHARMM-GUI provides the CHARMM/OpenMM simulation parameters that are identical to OpenMM simulations.
Analysis. The membrane properties, such as an average surface area per lipid, compressibility, and deuterium order parameters, were calculated and compared with available experimental values. The first 50 ns of each trajectory was discarded as an equilibration period, and the properties were calculated over the last 200 ns period. Most systems were equilibrated within 50 ns except for those showing the phase transition (Supporting Information Figure S1 ); for such systems, the data before the phase transition were discarded. The average and the standard errors were calculated from the five independent simulations.
The average surface area per lipid (A L ) was calculated by simply dividing the system area (A XY ) by the number of lipids in each leaflet (N L = 40). The compressibility, K A , was calculated using the following equation:
where k B is the Boltzmann constant, T is the system temperature, and ⟨δA L 2 ⟩ is the average of the squared fluctuation of A L . The deuterium order parameters and electron density profiles (for POPS) were calculated using STanalyzer. 10 Hydrogen bonding probability was evaluated using CHARMM (COOR HBOND). The default distance cutoff of 2.4 Å between the donor H atom and the acceptor atom was used except the lipid−ion interactions calculated with the distance cutoff of 3.8 Å instead. An angular cutoff was not used.
■ RESULTS AND DISCUSSION
Optimal Simulation Protocols Based on DPPC Bilayer Simulations. The bilayer properties from the DPPC simulations with various simulation parameters (Table 1) available in NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM are first presented to determine the optimal simulation protocol for each program using the C36 FF.
NAMD. The A L values from the NAMD simulations are 64.8 ± 0.1, 62.9 ± 0.1, and 61.6 ± 0.1 Å 2 for 8−10, 8−12, and 10− 12 Å of the force-based switching ranges, respectively. These results are in good agreement with the experimental A L values of 63.0 ± 1.0 Å 2 at 323 K. 60 The K A values are 222.5 ± 9.5 (8− 10 Å), 227.1 ± 7.1 (8−12 Å), and 242.4 ± 20.9 dyn/cm (10− 12 Å), which are all in the range of its experimental value of 234 dyn/cm. 61 Although the 8−12 Å switching range appears to yield the best A L , the 10−12 Å switching range is considered to be a standard to compare the lipid properties with other programs, as 10−12 Å is consistent with the force-based switching range used to develop the remainder of the additive CHARMM FF (for proteins, nucleic acids, carbohydrates, and small molecules). We note that use of the 8−12 Å switching range with the full additive C36 FF is likely to be satisfactory, although rigorous testing has not yet been performed using this switching scheme.
GROMACS. We first tested the influence of mixed versus double precision on the lipid properties (Supporting Information Table S1 ) and found no reduction in accuracy with the use of the more efficient mixed precision. Second, the influence of switching functions (potential-vs force-based) on lipid properties was investigated. Large differences were seen
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Article between these two switching functions. In general, A L values are greatly reduced with the potential-based switching function, and the 10−12 Å switching range results in a phase transition to a gel-like state. As shown in Figure 2A Figure 2C ,D strongly suggest that the potential-based switching function should not be used for the GROMACS simulations with the C36 FF due to its disagreement with the NAMD results for both sn-1 and sn-2 chains. In general, these GROMACS simulations show higher order parameters than other simulations. Overall, the 8−12 Å force-based switching function shows best agreement with NAMD DPPC bilayer simulations with 10−12 Å force-based switching, but to be consistent with the remainder of the additive CHARMM FF, the 10−12 Å switching range was used for the GROMACS simulations of the other bilayer systems.
AMBER. Determining an optimal protocol for AMBER was challenging due to the absence of any switching methods for LJ interactions in the current version. Therefore, the hardtruncation method with various cutoff ranges was tested. The 8-Å cutoff shows the best A L (62.6 ± 0.1 Å 2 ), while the 12-Å cutoff shows a phase transition to a gel-like state (data is not shown). This is consistent with what was observed previously by Gould et al. 39 and demonstrates the need to carefully consider the cutoff scheme in different programs. Compared to the NAMD results, the K A values are mostly in the acceptable range: 235.9 ± 12.2 (8 Å) and 228.6 ± 18.3 dyn/cm (10 Å). AMBER simulations result in slightly reduced order parameters compared to NAMD, but they are in the acceptable range. There is no considerable difference in between 0.5 and 1.0 ps for the pressure coupling time (tau-p). Thus, the 8-Å cutoff with tau-p of 0.5 ps was used for the other lipid simulations.
CHARMM/OpenMM. The cutoff methods for LJ interactions for both OpenMM and CHARMM/OpenMM were tested using CHARMM/OpenMM. Like GROMACS, the potential- Table S1 ). There is no significant difference with different pressure coupling frequencies and Langevin dynamics friction coefficients. To reduce the GPU time, the pressure coupling frequency of 100 steps and the Langevin friction coefficient of 1 ps −1 were used for other lipid simulations.
Other Lipid Bilayer Properties with the Optimized Protocols. The optimal protocol for each program determined from the DPPC bilayer simulations is summarized in Table 2 . To validate these protocols, we performed the DOPC, POPC, POPE, POPS, and PSM bilayer simulations and compared the lipid properties of each program. DOPC. All programs yield similar DOPC bilayer properties with the optimal protocols. The A L values are 68.7 ± 0.1 (NAMD), 68.0 ± 0.1 (GROMACS), 69.7 ± 0.1 (AMBER), and 68.6 ± 0.2 Å 2 (OpenMM), and they are in good agreement with the experimental estimate from the fully hydrated bilayer, i.e., 67.4 ± 1.0 Å 2 at 303 K. 60 In addition, the calculated K A values are similar among the programs: 278.0 ± 13.4 (NAMD), 255.5 ± 14.8 (GROMACS), 301.2 ± 12.3 (AMBER), and 259.5 ± 26.9 dyn/cm (OpenMM). While AMBER and OpenMM order parameters show good agreement with NAMD, GROMACS results in slightly increased order parameters for both sn-1 and sn-2 chains but they are in the acceptable range (Supporting Information Figure S2 ).
POPC. The experimental A L of a POPC bilayer is 68.3 ± 1.5 Å 2 at 303 K, 62 and NAMD shows a somewhat reduced A L of 65.0 ± 0.1 Å ). The K A value of each program is also in the range of the NAMD result (249.6 ± 19.7 dyn/cm): 262.5 ± 18.2 (GROMACS), 270.3 ± 18.3 (AMBER), and 274.6 ± 31.5 dyn/cm (OpenMM). Like DOPC simulation results, the GROMACS order parameters are insignificantly increased in both sn-1 and sn-2 chains compared to other programs (Supporting Information Figure S2 ).
POPE. The average A L value from the NAMD POPE simulation is 57.8 ± 0.1 Å Figure S2 ).
POPS.
Unlike the other lipid systems described above, the A L values of the POPS bilayer systems are underestimated by ∼10% compared to its experimental A L of 62.7 Å 2 at 298 K. . In this simulation, the system contained 100 POPS lipid molecules and around 5300 water molecules, and 100 K + counterions were added. 65 Thus, the slightly lower temperature with the higher ion concentration in the current simulations might account for the lower A L values. The K A values are similar among the programs: 261.1 ± 22.8 (NAMD), 262.1 ± 33.2 (GROMACS), 270.5 ± 28.5 (AMBER), and 274.0 ± 28.9 dyn/cm (OpenMM). While GROMACS shows slightly increased order parameters compared to NAMD, AMBER yields marginally reduced values (Supporting Information Figure S2 ). The order parameters from the OpenMM simulations show good agreement with NAMD. There is no significant difference in the density profiles of POPS bilayer systems (Figure 3 ) except that AMBER shows a slightly reduced hydrophobic thickness (29.8 ± 0.1 Å) compared to NAMD (31.2 ± 0.1 Å). The POPS headgroup has a peak at ±20 Å along the z-axis, and K + ion shows the highest peak near the POPS headgroup.
PSM. Because there is no reliable experimental A L for the PSM bilayer, the GROMACS, AMBER, and OpenMM order parameters. (Figure 4 , Supporting Information Figure  S2 ). Generally, most programs result in good agreement in the order parameters, which are shown with the NMR data 66 in Figure 4 . Table 3 lists principal H-bonds in the PSM bilayer system and their probabilities obtained from each program. In general, the H-bond probabilities are similar between programs.
■ CONCLUSIONS
The use of the C36 lipid FF in various programs (NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM) has been shown to result in comparable lipid properties for DPPC, DOPC, POPC, POPE, POPS, and PSM bilayers when the optimized simulation protocols for treatment of the nonbonded interactions are applied. Since each program commonly uses different methods in dealing with LJ cutoffs, care must be taken to choose cutoff schemes that best match the approach taken during development of the C36 lipid FF using the CHARMM program. Excluding AMBER, all simulation programs have force-based switching functions that are required to properly reproduce the published C36 FF results, and, thus, the recommended cutoff scheme for these programs utilizes this approach. The lack of a switching function in AMBER has misled some researchers attempting to apply the C36 FF in this program, 39 although the inclusion of the force-based switching function in upcoming versions of AMBER should ameliorate these issues in the future. As we demonstrate, using potential truncation at cutoffs >8 Å results in gel-like lipid bilayers even above the gel transition temperature. Slight changes that enhance lipid−lipid interactions will potentially result in a phase change. As described in the Results and Discussion section, the use of 8 Å hard truncation in AMBER best represents the spirit of the C36 FF, although there are slight discrepancies when applying this cutoff scheme to the other lipids tested (Supporting Information Figure S2 and Table S3 ). The discrepancies become larger when the system contains ions (POPS) or strongly interacting lipids (PSM). Therefore, the use of the C36 lipid FF in AMBER (versions 14 and earlier) may not agree with CHARMM/NAMD to the degree obtained with programs that contain the force-based switching function for the LJ potential.
For programs other than AMBER, the agreement with CHARMM/NAMD results for all lipid bilayers tested in this study is satisfactory. However, there are some minor differences in that the GROMACS A L values are slightly reduced and thus the order parameters are slightly higher. Although the cutoff scheme is the same between these programs, differences in other aspects of the simulation protocols, i.e., integration scheme and temperature-/pressure-coupling, can result in slight changes in lipid membrane properties. The present results indicate that the effect of different integrators and/or coupling schemes on lipid bilayer properties is smaller than that due to different cutoff schemes. The usage of different cutoff schemes can also lead to a bilayer phase change.
While the current studies are based on membrane simulations, the optimized simulation protocols should be applicable to the remainder of the C36 FF including proteins, nucleic acids, carbohydrates, and small molecules. Membrane simulations are especially sensitive to slight changes in the LJ cutoff methods, whereas other biological molecules do not have the ordered self-assembly as lipids, making them less sensitive to subtle details of the treatment of the LJ potential. The optimal simulation protocol for each program has been implemented in CHARMM-GUI. As CHARMM-GUI will convert any patch used during the system building process into appropriate simulation files, including those for GROMACS, the study of complex heterogeneous systems with the C36 FF will be readily accessible to a range of simulation packages. For example, adding carbohydrates to proteins can be easily done with CHARMM-GUI and allows for building of such systems and their proper conversion for use in GROMACS. Therefore, the simulation systems and inputs being seamlessly generated by CHARMM-GUI can be used for general research use in these simulation programs.
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